An efficient, versatile and non-destructive in situ method in reaction monitoring using vibrational spectroscopy is described. A Suzuki cross-coupling reaction was monitored in which the substrate 1-iodo-2-nitrobenzene reacted with the electrophile phenylboronic acid to form the product 2-nitrobiphenyl. To hasten the reaction, palladium(II) acetate and potassium carbonate were added to serve as catalyst and to promote transmetalation, respectively. This reaction was monitored using near-infrared and Raman spectroscopy. The recorded data was subjected to multivariate analysis such as principal component analysis in order to detect spectral changes due to the formation of the product. To confirm the presence of the desired product, offline analyses were performed using gas chromatography-mass spectrometry and nuclear magnetic resonance spectroscopy. The results demonstrate how Raman spectroscopy is able to detect the formation of the product in real time, whereas near-infrared spectroscopy fails to do so.
Introduction
Organic synthesis enables the creation of diverse chemical structures of complex architecture in the laboratory. New strategies to develop syntheses, optimize reaction outcomes, and investigate reaction mechanisms are important. One of the interesting reactions to synthesize substituted biphenyls 1 involves the Suzuki cross-coupling reaction, a protocol of which has been disclosed elsewhere. 2 The carbon-carbon bond construction method 3, 4, 5, 6 in organic synthesis has allowed chemists to assemble complex molecular frameworks to prepare numerous natural products, 7 drug precursors, 8 biological compounds, 9 organic products 10 and herbicides. 11 Lately, the conditions developed for the cross-coupling reaction have many desirable features for large scale syntheses and are persuasively used in the industrial synthesis of pharmaceutical and chemical products. In daily laboratory work, time together with accuracy plays a crucial role in monitoring techniques particularly in in situ reactions.
Systems requiring long reaction times are frequently experienced in organic synthesis. For such reactions, in situ reaction monitoring techniques coupled with multivariate analysis serve as an excellent approach for determining reaction progress without interruption. Thus, online vibrational spectroscopy has become an increasingly useful tool for research and process development. 12, 13, 14 Near-infrared (NIR) and Raman spectroscopy are suitable instrumental techniques in monitoring the formation of a desired product in real time. In comparison to gas chromatography-mass spectrometry (GC-MS) analysis which requires considerable time to provide a result, the NIR and Raman spectroscopic techniques provide an immediate response that considerably shortens analysis time. By these techniques, it is possible to obtain a huge amount of information about the reaction with minimum effort and time. 15 Another advantage of NIR and Raman spectroscopy in reaction monitoring is that they can provide information on the appearance of reaction intermediates.
They also give information about whether the reaction proceeds in the right direction. These advantages make NIR and Raman attractive techniques in pharmaceutical and industrial production.
The usefulness of the above-mentioned vibrational spectroscopic techniques in monitoring in situ reactions is much improved if they are coupled with proper data analysis. Chemometrics involves processing chemical data using mathematical and statistical methods in order to extract useful information. Principal components analysis (PCA) 16 is applied in order to extract chemical information from the spectra. Spectral data collected by NIR and Raman spectroscopy are complex and normally possesses broad overlapping absorption bands. A single NIR spectrum contains absorptions at many wavelengths that are measured at different times and the vast amount of spectrum generated by the instrument requires chemometric tools for analysis. Often, the measured absorbances at various wavelengths are highly correlated (they are not independent of each other) and this multicollinearity results to poor prediction. PCA is applied to significantly reduce the multidimensionality of the data while retaining most of the information where it decomposes the originally correlated variables to a new limited set of latent variables called principal components. These principal components represent the common variations in the data set where the first principal component accounts for most variations in the data; the second principal component explains the second greatest variations and so on. With PCA, data size is reduced and data overfitting is avoided.
In this study, a Suzuki cross-coupling reaction was investigated 1 and monitored using NIR and Raman spectroscopy. The model reaction involved the palladium-catalyzed Suzuki cross-coupling of 1-iodo-2-nitrobenzene and phenylboronic acid to produce 2-nitrobiphenyl. The reaction protocol involves addition of a catalyst (palladium(II) acetate) and a base (potassium carbonate) to promote transmetalation. Scheme 1 shows the synthesis of 2-nitrobiphenyl.
A review of literature revealed vast amount of materials concerning the Suzuki cross-coupling reaction 4, 5, 17, 18 but only few reports 19, 20 describe the use of NIR and Raman with the reaction. To the best of our knowledge, no report on combining NIR or Raman spectroscopy and multivariate analysis in monitoring Suzuki cross-coupling reactions have been published before. Thus, this study presents a novel monitoring of a Suzuki cross-coupling reaction through vibrational spectroscopic methods and multivariate data analysis.
As the Suzuki cross-coupling reactions lead to the formation of by-products as the reaction proceeds, the reaction time and other experimental conditions need to be monitored and controlled. Additionally, the monitoring should provide an immediate estimate of the progress of the ongoing reactions. This is important because Suzuki cross-coupling reactions give very low yield. The reaction of 2-chlorophenylboronic acid with 1-iodo-2-nitrobenzene has been reported as giving as little as 2% product yield 1 under some conditions.
Experimental Section

1. Chemicals
1-Iodo-2-nitrobenzene (≥97%), phenylboronic acid (≥99%), methanol (≥99.9%), dichloromethane (≥99.9%) and potassium carbonate (≥99%) were purchased from Sigma-Aldrich (Missouri, USA). Palladium(II) acetate (≥98%) was purchased from Fluka (Buchs, Switzerland). All products were used as received without further purification.
Reaction Procedure
The first step of the boscalid synthesis was chosen as a model for the Suzuki cross-coupling reaction. Instead of using 1-chloro-2-nitrobenzene as substrate for the synthesis of boscalid, an organohalide compound 1-iodo-2-nitrobenzene was used. This is due to the higher activity of ArI compared with ArCl in oxidative addition (ArI>>Ar-Scheme 1. Synthesis of 2-nitrobiphenyl. Br>>ArCl). 21, 22 The procedure for the synthesis of 2-nitrobiphenyl has been published elsewhere. 1 Briefly, methanol (5 mL) and water (1 mL) were mixed in a round-bottom flask. Potassium carbonate (0.414 g, 3 mmol), palladium(II) acetate (0.006 g, 0.03 mmol), 1-iodo-2-nitrobenzene (0.362 g, 1.5 mmol) and phenylboronic acid (0.177 g, 1.5 mmol) were then added to make the concentration 0.250 mmol/mL with respect to substrate (1-iodo-2-nitrobenzene). The solution was flashed with N 2 gas and covered with aluminum foil. The reaction mixture was heated at 50 or 60 °C under stirring. The reaction was monitored online with NIR and Raman methods. Samples were withdrawn at specific times without interrupting the reaction (as shown in Table 1 ), filtered through cotton and silica gel with dichloromethane and analyzed by GC-MS.
3. Workup Procedure of Product
Water (30 mL) was added to a crude product obtained after evaporation of methanol under reduced pressure. The solution was extracted three times with dichloromethane using 30 mL every extraction. The resulting organic solution was washed with saturated aqueous solution of sodium chloride (30 mL). The organic solution was evaporated under reduced pressure and the target product 2-nitrobiphenyl was obtained as dark yellowish oil and analyzed by NMR.
4. Instrumentation
A Perstorp NIR Systems 6500 (Maryland, USA) was used for recording the NIR spectra. The NIR spectra of the reaction mixture were obtained at specific time intervals using the fiber optic probe and were recorded from 1100-2500 nm range at 2 nm data interval and using 32 scans per spectrum. The path length was set to 0.5 mm using a 0.25 mm feeler gauge. An average of about 20 s was required to obtain one spectrum. Background and sample spectra were collected using the same parameter settings. The instrument control software used was Vision (FOSS NIRSystems, Inc., MD). The spectrum data was exported as an ASCII file. MATLAB 7.4 (The MathWorks Inc., Natick, MA) was used for multivariate analysis. The software was run on a Microsoft Windows 7 Professional 2009 operating system (Microsoft Corporation, WA, USA).
Raman scattering spectra were recorded on a Ra-manRxn1 analyzer (Kaiser Optical Systems, Inc., USA). Measurements were made with an immersion BallProbe ®23 connected to the instrument via a fiber optic bundle. The laser wavelength and power were set to 785 nm and 100 mW, respectively. The spectral range was from 0-3800 cm -1 and spectral acquisition setting parameters were set (time of exposure was fixed to 2 s; number of accumulations was set to two). HoloGram 4.1 (Kaiser Optical Systems Inc., Michigan, USA) was used as the instrument control software. The recorded spectra were exported using HoloReact 2.0 (Kaiser Optical Systems Inc., Michigan, USA) to MAT-LAB. The Raman spectra were combined into one data matrix (D i×j ) with dimensions i × j, where (i) represents spectra and (j) represents frequencies.
The GC-MS used was HP 5890 II gas chromatograph coupled with HP 5971 mass spectrometer. The capillary column used was fused silica (30 m × 0.2 mm I.D.) coated with Chrompack, CP-Sil 8 CB low bleed/ MS (0.25 µm film thickness). The GC oven temperature was programed as follows: start temperature was 50 °C ramped to 70 °C at 5 °C/min then increased up to 300 °C at 25 °C/min. Direct on-column injection was used, and the injector port temperature was 250 °C. Helium was used as carrier gas. Xcalibur 1.2 (Thermo Fisher Scientific Inc.) was used for instrument control and data analysis.
NMR spectra were recorded on a Bruker BioSpin DPX400 ( 1 H NMR: 400. 13 MHz, 13 C NMR: 100.61 MHz) spectrometer. Deuterated chloroform (CDCl 3 ) was used as solvent for the preparation of the samples and the internal standard. The chemical shifts were expressed in ppm values relative to tetramethylsilane (TMS). Multiplicities were reported using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), dd (double doublet) and m (multiplet). The spectra were recorded at room temperature and the data were processed with MestReNova 5.2 (Santiago de Compostela, Spain).
Results and Discussion
The reaction being monitored in this study is the synthesis of 2-nitrobiphenyl from 1-iodo-2-nitrobenzene and phenylboronic acid in the presence of palladium(II) acetate and potassium carbonate (see Scheme 1) via the Suzuki cross-coupling mechanism. To determine the best conditions that would give a high product yield, several factors were tested: amount of substrate (1-iodo-2-nitrobenzene), reaction temperature and time. It is therefore important to perform an optimization experiment by varying the levels of the variables and checking the yield at different time intervals as the reaction proceeds. In situ monitoring of the reaction was carried out by using NIR and Raman spectroscopy.
1. Reaction Optimization
Similar results were obtained in the synthesis of 2-nitrobiphenyl following the protocol described in a previous study, 1 where 99% yield was achieved after 90 min reaction time at 20 °C. With the aim to shorten the reaction time (to 60 min) but still obtaining a high yield, temperatures higher than 20 o C were tested. Since reaction temperature and substrate concentration (1-iodo-2-nitrobenzene) are critical factors affecting the yield, several experiments were conducted by varying these factors, assigning low and high values. A summary of the optimization experiments is presented in Table 2 . Results show consistently that the yield of the reaction increases as temperature is increased. The higher the temperature, the higher is the yield. When the concentration of the substrate is increased from 0.167 to 0.250 mmol/mL, the same trend is observed: the greater the concentration of the substrate, the higher is the yield. This suggests that the substrate is stoichiometrically converted to the product, 2-nitrobiphenyl. The reaction carried out at 65 o C and 0.250 mmol/mL substrate concentration, afforded the highest reaction yield (99.7%). This optimized reaction was monitored by means of fiber optical NIR and Raman spectroscopy (Figures 1 and 2) .
2. In Situ Vibrational Spectroscopy Monitoring
Visual inspection of the NIR spectra (Figure 1) of the samples monitored from the start of the reaction until the end shows no noticeable spectrum profile changes to distinguish the appearance of the product 2-nitrobiphenyl. By using principal component analysis (PCA), the data were pre-processed by mean-centering and first derivative method using 4 th order polynomial fit. 24 Mean-centering and use of derivatives are pretreatment techniques to correct systematic variations in the NIR raw data between samples. The variations may be due to nonhomogeneous reaction mixing, sample density gradient, sample viscosity, and other factors that could affect the integrity of the samples during in situ sampling. These lead to light scattering effects and result in baseline shifts and scaling variations. Mean-centering and first derivative methods were selected as optimal pretreatments as they give the lowest statistical errors in preliminary data analysis. PCA was performed in the pretreated spectra to reduce the dimension of NIR spectra matrix for processing and handling multicollinearity. Emerged peak were analysed for the substrates and product (data not shown) and there were no significant profile changes in the spectra as reaction proceeds. This shows that NIR method is not sensitive in detecting formation of the product. On the other hand, the Raman spectra (Figure 2) show characteristic stretching vibrations of the biphenyl C-C bridge in the region 1200-1320 cm -1 . 25, 26, 27 Spectral changes in this region signal conversion of the reactants (1-iodo-2-nitrobenzene and phenylboronic acid) into the desired product (2-nitrobiphenyl). To see more clearly, the region is magnified and presented in Figure 3A .
In Figure 3B , the black spectrum corresponds to the initial condition when the substrate was present in the reaction, while the red spectrum represents the final recorded spectrum, which shows the presence of the target molecule in the reaction mixture. The emergence of the peaks at the specific region (1200-1320 cm -1 ) in the last spectrum shows the emergence of the desired product (C-C bridge stretch of biphenyl). Further offline analysis by GC-MS and NMR confirmed that the spectral changes could be attributed to the formation of the product 2-nitrobiphenyl via the Suzuki cross-coupling reaction. The GC-MS chromatogram and NMR spectrum are presented in Supporting Information.
Multivariate Data Analysis
Principal component analysis (PCA) is an exploratory technique that highlights the differences in the spectra collected and gives a simple visual idea as to the relationship between the spectra. By using PCA, we have analysed the emerged peak for the substrates and product (data not shown). No significant change that could be attributed to the formation of the product was observed. In the contrary, good results were obtained for the specific region (1200-1320 cm -1 ) in the Raman spectra treated with PCA where the data matrix (120 × 120) was pre-processed using the same techniques as for NIR data. The first principal component (PC1) explains 87.91% of the total variance and from the sample and score plot (Figure 4) , it is possible to establish a time-concentration profile. Figure 4 shows that the concentration of the product increases proportionally with time. This increase continues until the reaction is complete. During the course of the reaction, a series of spectra were recorded every 30 s so the sample 120 corresponds to the time of 60 min, the end of reaction monitoring (99.7% yield by GC-MS). The curve shows that the reaction has almost finished after 30 min (corresponding to sample 60). This is in full agreement with the offline measurements of GC-MS that shows the yield of 98.3% for 30 min ( Table 3) . Also, in the beginning of the reaction (blue circle in Figure 4) we do not have the product yet so the black curve is not increasing. All offline measurements for GC-MS can be seen in the Table 3 .
As mentioned earlier, PCA was also performed in the NIR data and results show that no significant findings can be established from the collected data. NIR instrumentation is inadequate for monitoring the reaction due to low sensitivity of detection. This study shows that Ra- man spectroscopy is more sensitive and is the appropriate technique over NIR in reaction monitoring.
Conclusions
Monitoring of reactions using vibrational spectroscopy coupled with multivariate data analysis finds very important applications nowadays in pharmaceutical and chemical industries. The possibility of online detection of a desired product in an ongoing chemical reaction without system interruption is the main advantage why these techniques in combination with PCA have wide use in the industry. Monitoring of reactions in industry commonly uses the NIR method but this present paper demonstrated that the Raman method is more sensitive and effective and thus, suitable for reaction monitoring.
The power of multivariate technique such as PCA in combination with the Raman instrumentation has been shown. The Raman results have been validated by offline techniques such as GC-MS and NMR. Results of online and offline techniques confirm the detection of the desired product making feasible the monitoring of a Suzuki cross-coupling reaction by real time Raman spectroscopy.
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